Siglecs are sialic acid-recognizing animal lectins of the immunoglobulin superfamily. We have cloned and characterized a novel human molecule, Siglec-11, that belongs to the subgroup of CD33/Siglec-3-related Siglecs. As with others in this subgroup, the cytosolic domain of Siglec-11 is phosphorylated at tyrosine residue(s) upon pervanadate treatment of cells and then recruits the protein-tyrosine phosphatases SHP-1 and SHP-2. However, Siglec-11 has several novel features relative to the other CD33/Siglec-3-related Siglecs. First, it binds specifically to ␣2-8-linked sialic acids. Second, unlike other CD33/Siglec-3-related Siglecs, Siglec-11 was not found on peripheral blood leukocytes. Instead, we observed its expression on macrophages in various tissues, such as liver Kupffer cells. Third, it was also expressed on brain microglia, thus becoming the second Siglec to be found in the nervous system. Fourth, whereas the Siglec-11 gene is on human chromosome 19, it lies outside the previously described CD33/Siglec-3-related Siglec cluster on this chromosome. Fifth, analyses of genome data bases indicate that Siglec-11 has no mouse ortholog and that it is likely to be the last canonical human Siglec to be reported. Finally, although Siglec-11 shows marked sequence similarity to human Siglec-10 in its extracellular domain, the cytosolic tail appears only distantly related. Analysis of genomic regions surrounding the Siglec-11 gene suggests that it is actually a chimeric molecule that arose from relatively recent gene duplication and recombination events, involving the extracellular domain of a closely related ancestral Siglec gene (which subsequently became a pseudogene) and a transmembrane and cytosolic tail derived from another ancestral Siglec.
Siglecs (sialic acid-binding immunoglobulin superfamily lectins) 1 are a family of cell surface lectins defined by certain shared structural motifs in the first two Ig-like domains and by their ability to recognize sialic acids via the first Ig V set domain (1) (2) (3) (4) . In humans, ten canonical Siglecs (3) (4) (5) and one Siglec-like molecule (6, 7) have been reported so far. Each Siglec shows distinct expression patterns in different cell types (3) (4) (5) (6) , suggesting that these molecules play unique roles in the cells expressing them. Some Siglecs have strict ligand requirements, whereas others show more relaxed specificity. Thus, CD22/Siglec-2 is highly specific for ␣2-6-linked sialic acids (8 -10) ; myelin-associated glycoprotein/Siglec-4 shows ␣2-3 linkage specificity, which is strongly affected by the adjacent glycan structure (11, 12) ; and Siglec-6/OB-BP1 only recognizes sialyl-Tn (13) . In contrast, sialoadhesin/Siglec-1 (14, 15) , CD33/ Siglec-3 (15, 16) , , , , Siglec-9 (20, 21) , and Siglec-10 (5) all recognize both ␣2-3-and ␣2-6-linked sialic acids to differing degrees. Some Siglecs, especially Siglec-7, also bind ␣2-8-linked sialic acids (15, 22, 23) .
Most Siglecs have tyrosine-based putative signaling motifs in the cytosolic tails, suggesting their involvement in intracellular signal transduction (3, 4) . Notably, most CD33/Siglec-3-related Siglecs (3, 4) , a subgroup of the Siglec family defined by their sequence similarity, have immunoreceptor tyrosine-based inhibitory motifs. In keeping with this, several of these Siglecs have been shown to interact with protein-tyrosine phosphatases SHP-1 and/or SHP-2 (Src homology domain 2-containing phosphatases 1 and/or 2) upon tyrosine phosphorylation (7, 24 -30) , and some studies have shown that cross-linking of these Siglecs induces inhibitory cellular signals (27, 31) .
In this paper, we report the molecular cloning and characterization of a novel human Siglec, Siglec-11. Some of its unique properties are presented, such as a preference for ␣2-8-linked sialic acids and expression in tissue macrophages, including microglia in brain. Our analysis of genomic DNA data bases suggests that Siglec-11 is the last canonical Siglec to be reported and that it evolved via recent gene duplication and recombination events that occurred after the split of the primate and rodent lineages.
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EXPERIMENTAL PROCEDURES
Materials-Unless otherwise stated, all of the reagents were purchased from Fisher or Sigma. Isotype control mouse monoclonal antibody was from BD Biosciences Pharmingen, and fluorescein isothiocyanate-conjugated rabbit anti-mouse antibody was from DAKO. The antibodies to SHP-1 (rabbit polyclonal, C-19), SHP-2 (rabbit polyclonal, N-16), and horseradish peroxidase-conjugated anti-rabbit IgG antibody were from Santa Cruz Biotechnology, Inc. The 4G10 anti-phosphotyrosine hybridoma was a kind gift from Lars Nitschke (University of Wü rzburg, Germany). The horseradish peroxidase-conjugated horse anti-mouse IgG antibody was from Vector Laboratories.
Cloning of Siglec-11 cDNA-We identified a Siglec-like putative gene by a homology search of human genome sequences in the nonredundant and high throughput genome sequencing divisions of the GenBank TM data base, using known human Siglec cDNA sequences as templates. Primers for cDNA cloning of this putative gene, denoted Siglec-11, were designed based on the genomic DNA sequence. The full-length coding region of Siglec-11 cDNA was cloned with Expand High Fidelity PCR System (Roche Molecular Biochemicals) following the manufacturer's protocols, using human fetal liver Marathon-Ready cDNA library (BD Biosciences CLONTECH) as template and SL-11 5Ј-UTR 2 (5Ј-GGGA-CAGGCCCAGCCCCAGAGCCC-3Ј) and SL-11 3Ј-UTR2 (5Ј-GAGTC-CAGTTCTGGCCGTCACACC-3Ј) as primers. PCR products were cloned into pCRII-TOPO TA cloning vector (Invitrogen), and the sequences were analyzed. The 3Ј-end cDNA sequence of Siglec-11 was obtained by 3Ј-rapid amplification of cDNA ends (RACE) from the human fetal liver Marathon-Ready cDNA library using the Expand High Fidelity PCR System, as follows. Gene-specific cDNA fragments were amplified by PCR using primers SL-11 3Ј-RACE-1 (5Ј-GGTGATCAGAGACGCGCA-GAGGG-3Ј) and AP1 (BD Biosciences CLONTECH, provided with the cDNA library), followed by a nested PCR using primers SL-11 3Ј-RACE-3 (5Ј-CCCTAGAAGAACCAGACCAAGCAC-3Ј) and AP2 (BD Biosciences CLONTECH, provided with the cDNA library). The 5Ј-end cDNA sequence was obtained in the same manner by 5Ј-RACE, using primers SL-11 5Ј-RACE-1 (5Ј-GCCATAAGCAGCAGTAGACTCGTCC-3Ј) and AP1 in the first round PCR, followed by a nested PCR using primers SL-11 5Ј-RACE-2 (5Ј-TAGGAGAGGTTGCAAGACACGATGA-CAC-3Ј) and AP2. PCR products were cloned into pCRII-TOPO TA cloning vector, and the sequences were analyzed.
RT-PCR Analysis of mRNA Expression in Human Tissues-Human multiple tissues cDNA panel 1 and Titanium TaqDNA polymerase were purchased from BD Biosciences CLONTECH. PCR reactions to amplify a 400-bp segment of Siglec-11 cDNA were carried out according to the manufacturer's instructions, using the primers 11RTUTR (5Ј-TGCTG-GTGTCCTGTTGCCATGGAGACCTC-3Ј) and 11RTd5F (5Ј-TCGC-TGCCCTGCTCGCTTTCTGTTCTT-3Ј).
Preparation of a Siglec-11 Expression Construct-The full-length coding region of Siglec-11 cDNA was amplified by PCR from a sequenceverified cDNA clone described above to introduce Kozak sequence, using Pwo polymerase (Roche Molecular Biochemicals) and the primers SL-11 Chi 5Ј (5Ј-CCCTCTAGAGCCACCATGCTGCTGCTGCCCCTGC-TGCTGCCC-3Ј; Kozak sequence underlined, preceded by an XbaI site) and SL-11 3Ј-UTR-Hd (5Ј-GCGCAAGCTTCCGTCACACCAGTGCGAC-TCCC-3Ј; HindIII site underlined). PCR products were digested with XbaI and HindIII and subcloned into XbaI-HindIII sites of pcDNA3.1(Ϫ) (Invitrogen), and the sequences were verified.
Preparation of Siglec-11-Fc Chimera Protein-The Siglec-11 cDNA fragment encoding the first three Ig-like domains was amplified from the sequence-verified cDNA clone by PCR using Pwo polymerase with primers SL-11 Chi 5Ј and SL-11 Chi 3Ј(3D) (5Ј-ATCCATCACTCTCAG-GTTCTCTGGAGGA-3Ј), digested with XbaI, and cloned to XbaI-EcoRV sites of EK-Fc/pEDdC vector (6, 13, 21, 32) . Upon mammalian cell transfection, the resulting construct (Siglec-11-EK-Fc/pEDdC) expressed a recombinant soluble Siglec-11-Fc protein (a fusion protein of the first three Ig-like domains of Siglec-11 and human IgG Fc fragment, with an enterokinase cleavage site/FLAG tag (DYKDDDDK) in between). Because of the poor production of the fusion protein from this construct, the DNA fragment coding the fusion protein was subcloned into pcDNA3.1(Ϫ).
The fusion protein was prepared by transient transfection of Chinese hamster ovary TAg cells (32) with Siglec-11-EK-Fc/pcDNA3.1(Ϫ) using LipofectAMINE reagent (Invitrogen). The culture supernatant was changed 24 h after transfection to 2.5% low IgG fetal bovine serum (HyClone, Logan, UT) in Opti-MEM (Invitrogen). Siglec-11-Fc was purified from culture supernatant by adsorption to protein A-Sepharose (Amersham Biosciences), as described previously (13, 21, 32) .
Expression constructs for Siglec-11-Fc point mutants (R120K and R120A) were prepared by introducing point mutations into Siglec-11-EK-Fc/pcDNA3.1(Ϫ) using QuikChange site-directed mutagenesis kit (Stratagene) following the manufacturer's instructions, using primer pair SL-11 R120K sense (5Ј-GGCATGGTACTTCTTTAA-AGTGGAGAGAGGAAGCC-3Ј; Lys codon underlined) and SL-11 R120K antisense (complementary to SL-11 R120K sense) or primer pair SL-11 R120A sense (5Ј-GGCATGGTACTTCTTTGCCGTGGAGAGAG-GAAGCC-3Ј, Ala codon underlined) and SL-11 R120A antisense (complementary to SL-11 R120A sense), respectively. Recombinant proteins were prepared as described above.
Ligand Binding Specificity of Siglec-11-Sialic acid linkage specificity was analyzed by a standard enzyme-linked immunosorbent assay as described previously (13, 21, 32) , using biotinylated polyacrylamide probes (PAA-Bio) multiply substituted with sialylated oligosaccharides (Glycotech, Rockville, MD). Mild periodate treatment of (Neu5Ac) 2 -PAA-Bio probe to specifically truncate the glycerol-like side chain of sialic acids was performed as described previously (13, 32) .
Preparation of Mouse Monoclonal Antibodies against Siglec-11-Balb/c mice were immunized subcutaneously with Siglec-11-Fc (15 g) in Freund's complete adjuvant followed by Siglec-11-Fc (15 g) in Freund's incomplete adjuvant 28 days later and were immunized further with Siglec-11 extracellular domain (10 g; Fc part removed from the fusion protein by enterokinase digestion and protein A-agarose adsorption) in Freund's incomplete adjuvant after an additional 28 days. The hybridomas were generated by fusing immune spleen cells with the Sp-2 myeloma following standard methods (33) . A positive well reacting specifically with Siglec-11-Fc was identified by enzyme-linked immunosorbent assays as described previously (20) . The hybridoma was cloned four times by limiting dilution, and the monoclonal antibody was designated 4C4 (subclass IgG2a). 4C4 was used both as a purified IgG and a tissue culture supernatant. Potential cross-reactivity of 4C4 against other human Siglecs (CD33/Siglec-3, Siglec-5, Siglec-7, Siglec-8, Siglec-9, and Siglec-10) was analyzed by flow cytometry using Chinese hamster ovary cells stably expressing each of these Siglecs and confirmed negative for all of the Siglecs tested (data not shown).
Flow Cytometry Analysis of Peripheral Blood Leukocytes-The leukocytes were prepared from peripheral blood of healthy volunteers as described previously (19) . Single labeling of cells for flow cytometry was performed following standard protocols (34) and fixed in 2% formaldehyde in phosphate-buffered saline following staining. Following staining, all of the samples were analyzed on a FACSort (BD Biosciences Immunocytometry Systems).
Immunohistochemical Analysis of Siglec-11 Expression-Paraffinembedded formalin-fixed tissue sections mounted on glass slides (prepared in-house or purchased from DAKO) were deparaffinized, treated to inactivate endogenous peroxidase, and then subjected to antigen retrieval (35, 36). The slides were blocked with bovine serum albumin and streptavidin/biotin to prevent spurious staining and incubated overnight at 4°C with the following: anti-Siglec-11 monoclonal antibody 4C4 (culture supernatant, diluted at 1:10 with 1% bovine serum albumin/phosphate-buffered saline), anti-CD68 antibody (clone KP1), anti-CD23 antibody (clone MHM6), or anti-CD79a antibody (clone JCB117; these three antibodies were supplied prediluted from DAKO). The slides were then washed with 0.1% Tween 20 in Tris-buffered saline. The antibody binding signals were detected using a catalyzed signal amplification system (DAKO) following the manufacturer's protocol, except that NovaRed substrate (Vector Laboratories) was used for color development. The slides were counter-stained with Meyer's hematoxylin solution and viewed under a Zeiss microscope. The digitized images were captured using a DKC-5000 digital photo camera (Sony), NIH Image, and Adobe Photoshop.
Analysis of Tyrosine Phosphorylation of Siglec-11 and Interaction with SHP-1 and SHP-2-Full-length Siglec-11 cDNA was subcloned into pcDNA3CD68 (37) and transfected into RAW 264.7 cells by electroporation. Stable cell lines were established by selection with 1 mg/ml G418 and two rounds of limiting dilution. The control cells were prepared likewise, except that empty vector was used for transfection. The cells were either untreated or treated with 0.04 mM pervanadate for 30 min at 37°C and lysed in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% Triton X-100, 1 mM Na 3 VO 4 , and protease inhibitors). The lysates were precleared with protein G-Sepharose and immunoprecipitated overnight at 4°C with 4C4 and protein G-Sepharose. For immunoblot analysis, the proteins were resolved by SDS-polyacrylamide gel electrophoresis (7.5% polyacrylamide gels) and transferred to nitrocellulose membrane for blotting. The membranes were blocked with either 3% bovine serum albumin in 0.1% Tween 20 in Tris-buffered saline (for 4G10 anti-phosphotyrosine antibody) or 5% nonfat dry milk in 0.1% Tween 20 in Tris-buffered saline (for all other antibodies) and incubated with the indicated primary antibody. Antibody binding was detected with the appropriate horseradish peroxidase-conjugated secondary antibody and visualized with ECL (Amersham Biosciences) according to the manufacturer's instructions.
RESULTS

Molecular
Cloning of Siglec-11-In our search for novel Siglec candidates in human genomic DNA sequences, we identified a Siglec-like putative gene on the bacterial artificial chromosome clone CTC-326K19 (GenBank TM accession number AC011452). Proof for the active transcription of this putative gene, tentatively denoted Siglec-11, was provided by two EST clones (clones EST32579 from whole embryo and EST46736 from fetal kidney; GenBank TM accession numbers AA328836 and AA341128, respectively) and by RT-PCR analysis of several human tissues using Siglec-11-specific primers ( Fig. 1) . Nucleotide sequence analysis of the clone EST46736 revealed that it is an incomplete splicing product, and evaluation of the clone EST32579 indicated that this clone has been displaced by an adjacent clone (EST32578). Because both EST clones are of embryonic origin and the mRNA is most abundant in liver among adult tissues tested ( Fig. 1) , we isolated the full-length coding region of the cDNA by PCR from a human fetal liver cDNA library and obtained the sequences of untranslated regions by 3Ј-and 5Ј-RACE.
The complete cDNA encodes a Siglec-like molecule (686 amino acids) with five extracellular Ig-like domains, a singlepass transmembrane domain, and cytosolic tail ( Fig. 2A) . The amino acid sequence of the translated product contains almost all of the defining structural features of Siglecs. These include conserved amino acids (an arginine residue and an aromatic amino acid near the N terminus) whose side chains were shown to interact with sialic acid in Siglec-1/sialoadhesin (38) , as well as three conserved cysteine residues in the first and second Ig-like domains ( Fig. 2A) . Notably, an aromatic amino acid on the ␤-strand G, conserved among all other Siglecs, was replaced by a histidine (His 129 ) in this molecule. This new molecule shows high sequence similarity with CD33/Siglec-3-related Siglecs (3, 4) , especially with Siglec-10 (5, 39), but only in its extracellular domain (Fig. 2B) . The cytosolic tail contains three tyrosine residues, two of which conform to the two tyrosine-based putative signaling motifs typically found in the cytosolic tails of CD33/Siglec-3-related Siglecs (3, 4) . In contrast to the extracellular domain, the cytosolic tail was more closely related to that of Siglec-5 (Fig. 2B) .
Ligand Binding Specificity of Siglec-11-Unlike the case with most other Siglecs, COS-7 cells transiently transfected with a full-length Siglec-11 expression construct failed to show sialic acid-dependent binding of human erythrocytes (data not shown). This was not due to lack of expression at the cell surface because staining of transfected COS cells with antiSiglec-11 mAb 4C4 (see below) revealed bright specific surface labeling (data not shown). This could mean either that this molecule does not recognize sialic acids or that the preferred ligand structure is not present on human erythrocytes. A recombinant fusion protein Siglec-11-Fc was then prepared and used in an enzyme-linked immunosorbent assay, with various biotinylated polyacrylamide probes carrying multiple copies of sialylated oligosaccharides (6, 13, 15, 21, 32) . As shown in Fig.  3A , Siglec-11 binds weakly but specifically to ␣2-8-linked sialic acids, with the preference toward shorter oligomers. The maximal binding signal observed was 3-40-fold weaker compared with those observed using other Siglecs and their optimal ligands in parallel analyses (data not shown). This apparent strict linkage specificity of Siglec-11 toward ␣2-8-linked sialic acid is unusual, although some other Siglecs recognize ␣2-8-linked sialic acid, as well as ␣2-3-and/or ␣2-6-linked sialic acids (15, 22, 23) . Mild periodate treatment of (Neu5Ac) 2 -PAABio probe did not negatively affect the binding but rather slightly increased the binding to Siglec-11 (by ϳ30%; data not shown). This is also an unusual property among Siglecs, which in all other cases reported so far except for Siglec-6 (i.e. Siglecs-1-5, -7, and -9) actually require the glycerol-like side chain of sialic acid for optimal recognition (11, 15, 21, 32, 40) .
All of the functional Siglecs studied to date have a conserved arginine residue on the ␤-strand F in the V set domain that is required for optimal recognition of sialic acids. Site-directed mutagenesis of this residue to alanine was previously shown to abolish or greatly reduce the ability to recognize sialic acids by mouse sialoadhesin/Siglec-1 (41), mouse CD22/Siglec-2 (42), human CD33/Siglec-3 (24), mouse myelin-associated glycoprotein/Siglec-4 (43), and mouse Siglec-F (44). Mutation of this residue to lysine in mouse sialoadhesin/Siglec-1 (41), mouse CD22/Siglec-2 (42), human Siglec-7 (32), and human Siglec-9 (21) also greatly reduced or abolished binding. Furthermore, a naturally occurring mutation of this residue to cysteine in human Siglec-L1 also greatly diminished binding (6) . Unexpectedly, point mutations of the corresponding arginine residue in Siglec-11 (R120K and R120A) only reduced but did not abolish this binding, suggesting that this arginine residue is not absolutely essential for sialic acid recognition by this molecule (Fig. 3B) . This difference from other Siglecs could be related to the linkage specificity of Siglec-11 toward ␣2-8-linked sialic acids.
Expression Pattern of Siglec-11-RT-PCR analysis using Siglec-11-specific primers with a panel of human cDNAs showed that Siglec-11 transcripts were readily detectable in brain, placenta, lung, liver, and pancreas but could not be detected in heart, skeletal muscle, or kidney (Fig. 1) . A monoclonal antibody 4C4 against Siglec-11 was prepared as described under "Experimental Procedures" and was used for the analysis of Siglec-11 protein expression in human tissues. Flow cytometry analysis of peripheral blood leukocytes failed to reveal any cell population positive for Siglec-11 (data not shown). This is in contrast to most other CD33/Siglec-3-related Siglecs, which are predominantly expressed by leukocyte subsets (3, 4) .
Immunohistochemical analysis of human tissue sections revealed low but distinct expression of Siglec-11 in Kupffer cells in liver, intestinal lamina propria macrophages, brain microglia, and perifollicular cells in spleen (Fig. 4, A-D) . The staining pattern observed with 4C4 in these tissues was generally similar to that with anti-CD68 antibody (a marker for tissue macrophages; Fig. 4, F-I) . However, in spleen the 4C4 antibody   FIG. 1. RT-PCR analysis of Siglec-11 transcripts in human tissues. The CLONTECH human multiple tissue cDNA panel was subjected to 40 cycles of PCR using Siglec-11-specific primers, and the DNA products were analyzed by agarose gel electrophoresis and ethidium bromide staining. The expected 400-bp band was prominent in cDNA from brain, placenta, lung, liver, and pancreas but undetectable in heart, skeletal muscle, and kidney. The positive control (glycerol-phosphate dehydrogenase) and negative control (water) are also shown.
stained cells closer to germinal center (cells in corona and marginal zone; Fig. 4D ), whereas anti-CD68 antibody marked cells outside the follicles and in the red pulp (Fig. 4I) . This observation suggests that whereas Siglec-11 is mainly found on tissue macrophages, its expression does not completely overlap with that of CD68. In addition to this, some infiltrating mononuclear leukocytes in chronically inflamed tissues were intensely stained with 4C4 antibody (Fig. 4E) , suggesting that Siglec-11 expression is up-regulated in these cells in chronic inflammatory conditions. This staining also did not overlap with that seen with anti-CD68 (Fig. 4J ). The precise nature of these infiltrating cells is yet to be determined.
To further analyze the nature of the cells expressing Siglec-11 in human tissues, sections of tonsil (Fig. 5, A-D) and FIG. 2 . Primary sequence of Siglec-11. A, cDNA and amino acid sequences of Siglec-11. Double circle, "essential" arginine in typical Siglec V set domains; circle, aromatic amino acid residues typical of Siglec V set domains; underlined with hatched and double lines, signal peptide and transmembrane domain, respectively; arrowheads, exon junctions; underlined, potential N-glycosylation sites; boxes with solid and hatched lines, putative immunoreceptor tyrosine-based inhibitory motif and another tyrosine-based motif conserved among Siglecs, respectively. B, sequence alignment of Siglec-11 with Siglecs-5 and -10. Domain borders (exon junctions) are shown with arrowheads. appendix (Fig. 5 , E-H) were stained with antibodies against Siglec-11, CD68, CD23 (mature B-cells, mantle zone B-cells, and follicular dendritic cells), and CD79a (immature and mature B-cells). In the tonsil, Siglec-11 antibody stained a subset of the cells in the mantle zone and in between the follicles (Fig.  5A ). In contrast, CD68 was expressed within tingible body macrophages in the follicles and in macrophages outside the follicles (Fig. 5B) , and CD23 was expressed on a subset of mantle zone B-cells and follicular dendritic cells (Fig. 5C ). The expression patterns of the CD45RO and CD8 were also different from that of Siglec-11 (data not shown). In the appendix, the Siglec-11 antibody stained lamina propria cells and some cells in the lymphoid nodule (Fig. 5E) , whereas CD68 and CD23 were expressed on lamina propria macrophages (Fig. 5F ) and the B-cells in the lymphoid nodule (Fig. 5G) , respectively. The expression pattern of CD8 was again different from that of Siglec-11 (data not shown). In summary, the expression of Siglec-11 did not completely overlap with any of the single markers used in the analysis but rather resembled those of CD68 (in many tissues) and CD23 (in lymphoid tissues) combined.
Tyrosine Phosphorylation of Siglec-11 and Interaction with SHP-1/SHP-2-Others have shown that some CD33/Siglec-3-related Siglecs can be tyrosine-phosphorylated following treatment with pervanadate and then associate with the proteintyrosine phosphatases SHP-1 and SHP-2 (7, 24 -30), suggesting their roles in intracellular signaling. To analyze whether Siglec-11 shares this property, we studied tyrosine phosphorylation and association with SHP-1 and SHP-2 in stably transfected RAW 264.7 mouse macrophage-like cells. Siglec-11 could be immunoprecipitated as a ϳ100-kDa band under reducing conditions (Fig. 6 ) and at ϳ180-kDa under nonreducing conditions (not shown), suggesting that it exists naturally in the membrane as a disulfide-linked dimer. With untreated RAW cells, no Siglec-11-associated tyrosine phosphorylation could be detected. However, following treatment with sodium pervanadate, a potent inhibitor of tyrosine phosphatases, tyrosine phosphorylation was clearly evident, and this was accompanied by co-immunoprecipitation of both SHP-1 and SHP-2 (Fig. 6) . Interestingly, low levels of SHP-2 could also be seen in immunoprecipitates from non-pervanadate-treated cells, under conditions where phosphorylation of Siglec-11 was undetectable (Fig. 6) . No specific bands were observed in RAW cells transfected with empty vector and treated identically.
Gene Structure of Siglec-11-As mentioned above, the Siglec-11 gene was identified on the bacterial artificial chromosome clone CTC-326K19, which originated from human chromosome 19. This bacterial artificial chromosome clone was localized on cytological band 19q13.3-13.4 (45), but it does not fall within the CD33/Siglec-3-related gene cluster on the cytological band 19q13.4 (44) . Rather, it is located about 1 Mb upstream of the cluster (according to the bacterial artificial chromosome tile mapping by the Lawrence Livermore National Laboratory; greengenes.llnl.gov/genome-bin/ loadmap?regionϭmq). The gene structure of Siglec-11 was determined by sequence alignment of the cDNA and genomic DNA sequences, following conventional rules for splice site prediction (Fig. 7) .
Interestingly, the human genome contains a 3.1-kb DNA segment that shows ϳ97% overall identity (ϳ96% in the exon coding regions and ϳ98% in the noncoding regions) to a part of the Siglec-11 gene located immediately (ϳ8 kb) upstream of the Siglec-11 gene (Fig. 7) . This segment contains potential coding sequences for the first eight exons, encoding the extracellular domain (signal peptide, five Ig-like domains, and linker peptides) and the introns in between, as well as the 5Ј-UTR (ϳ0.3 kb). Even if this DNA segment is transcribed into RNA and properly processed, it most probably represents a pseudogene, because the second exon (encoding the first Ig-like domain) contains a four-nucleotide deletion, causing a reading frameshift. Notably, the Siglec-10 gene locus also contains a segment which shows 89% identity to this Siglec-11/Siglec-11-like pseudogene segment over 2.8 kb. As with Siglec-11, this segment encompasses the first eight exons encoding the extracellular domain (signal peptide, five Ig-like domains, and linker peptides) as well as the corresponding introns of Siglec-10 gene. This observation strongly suggests that the DNA segment encoding extracellular domains of Siglec-10, Siglec-11, and the Siglec-11-like pseudogene (named Siglec-P16; the theoretical cDNA for this pseudogene is provided in the Supplementary Material) are derived from a common ancestor by a series of segmental duplication (46) events.
Immediately downstream of the highly conserved segment of Siglec-P16, there are three exon-like DNA segments that show distinct similarity to some other Siglec-like pseudogenes, such as Siglec-P3 and Siglec-P14 (GenBank TM accession number AF150143 and Supplementary Materials, respectively; see also Ref. 6 and its supplement for the nomenclature and partial sequences of Siglec-like pseudogenes). Of particular interest is Siglec-P14, which is a processed (intron-less) pseudogene on chromosome 1. Siglec-P14 shows high overall sequence identity with Siglec-P16 including the putative exon (fossils) for transmembrane and cytosolic domains, although it lacks the segment corresponding to exons 5-8 (encoding the third, fourth, and fifth Ig-like domains and the linker peptide between the third and fourth Ig-like domains). The presence of this processed pseudogene, which is likely to have derived from an mRNA of ancestral Siglec-P16 via reverse-transcription and chromosomal integration (47) , indicates that the ancestral Siglec-P16 was once actively transcribed. It also suggests that it was transcribed in germ-line cells (egg and/or sperm precursor), because a reverse-transcription of an mRNA and chromo- somal integration would not leave a trace (processed pseudogene) unless it happened in a germ-line cell.
We also compared the human genomic DNA region containing the Siglec-11 gene with the syntenic region in mouse genome (Fig. 7) . In the human genome, Siglec-11 and Siglec-P16 are flanked by the genes for vaccinia-related kinase 3 and activating transcription factor 5. On the other hand, the mouse syntenic region (on chromosome 7) flanked by vaccinia-related kinase 3 and activating transcription factor 5 lacks a Siglec-11-like gene and only contains a relic of a Siglec-P16-like pseudogene. This fact strongly suggests that the ancestral Siglec-P16 was present in the common ancestor of primates and rodents.
DISCUSSION
Here we have described the molecular cloning and characterization of a novel human Siglec, Siglec-11. Our analysis of human genome data bases suggests that this may be the last canonical human Siglec to be reported. Siglec-11 shows several unique properties in terms of its ligand binding. First, it shows binding specificity toward ␣2-8-linked sialic acids. Second, the arginine residue conserved among all Siglecs is not absolutely essential for ligand recognition by Siglec-11. Third, it does not require the glycerol-like side chain of sialic acids for efficient recognition. All of these facts point to the possibility that Siglec-11 recognizes different aspects of ligand(s) than other Siglecs. One possibility is that it has two binding sites for each sialic acid in the ␣2-8-linked sialic acid dimer. However, introduction of point mutations at two potential candidates of such "second contact site," Arg 65 and His 129 , did not alter ligand binding specificity appreciably. 3 Identification of the amino acid residue(s) responsible for the unique binding specificity of Siglec-11 may require block swapping experiments with Siglec-10, as was recently demonstrated between Siglec-7 and -9 (23).
Despite repeated attempts to demonstrate interaction be- tween Siglec-11 and gangliosides carrying ␣2-8-linked sialic acids, we could not observe clear binding signals with the ␣2-8-linked sialic acid-bearing gangliosides tested (GD3, GD1b, and GT1b). 3 This may be because these gangliosides are not preferred ligands for Siglec-11. Alternative candidates for the natural ligands of Siglec-11 are oligo/polysialic acids found on glycoproteins. Recent studies by Kitajima and co-workers (48 -50) have revealed that glycoproteins modified with ␣2-8-linked sialic acid oligomers (oligosialic acids) are widely distributed in mammalian tissues and not just limited to the neural cell adhesion molecule. Such oligosialylated glycoproteins include adipo Q (49), integrin ␣ 5 subunit (50), and numerous unidentified glycoproteins in brain (48) .
Although it is beyond the scope of this paper, the native functions of Siglec-11 and the roles of sialic acid interaction in such functions are obviously of great interest. The unique expression pattern of Siglec-11 on tissue macrophages and infiltrating mononuclear leukocytes in inflammatory tissues, and its ability to interact with both SHP-1 and SHP-2 proteintyrosine phosphatases, suggest that this molecule might be involved in the regulation of innate immune responses against foreign antigens through signal transduction. Because the lack of mouse ortholog prevents us from analyzing natural functions of Siglec-11 in vivo by gene disruption approach, we need a model system employing human cells to explore this hypothesis.
By analogy to other Siglecs, such as CD33/Siglec-3 (24 -26), Siglec-L1/S2V (7), Siglec-10 (28), and mouse Siglec-E/MIS (29, 30) , the Siglec-11 interaction with SHP-1 and SHP-2 is likely to be predominantly mediated by the phosphotyrosine (Tyr 632 ) in the membrane-proximal tyrosine-based motif that conforms to the canonical immunoreceptor tyrosine-based inhibitory motif. If this is the case, what is the ligand for the second (membranedistal) tyrosine-based motif, which is also well conserved among CD33/Siglec-3-related Siglecs? This question in fact applies to all CD33/Siglec-3-related Siglecs and awaits an answer.
Our analysis of the human genomic region containing Siglec-11 gene and comparison with the syntenic region in mouse A, proposed scenario for the evolution of Siglecs closely related to Siglec-11 involving duplications, inactivations, recombinations among modular units represented by groups of exons, as well as a possible gene conversion. Processed (pseudo)genes such as hSiglec-P14 are usually inactive at the moment of generation ("dead on arrival"), because the process of reverse transcription is error-prone and/or because of the lack of appropriate transcriptional regulatory elements. B, comparison of phylogenetic trees (cladograms) of the extracellular domain-coding sequences, as predicted from the scenario in A or as constructed using sequences of the first three exons (or equivalent) of human Siglec-10, -11, -P14, and -P16 and mouse Siglec-G (putative Siglec-10 ortholog). The mouse equivalent of human Siglec-P16 was omitted from this analysis, because of the absence of the first three exons (see Fig. 7 ). The "observed" tree was constructed from a DNA distance matrix using the neighbor-joining method (63) . Human Siglec-5 was used as an outgroup to define the root.
Siglec-11
genome revealed interesting clues regarding the evolutionary history of Siglec-11 (Fig. 8A) . First, the pseudogene Siglec-P16, which shows extremely high nucleotide sequence identity with Siglec-11, appears to have a pseudogene equivalent in mouse genome, as defined by its syntenic location and the orientation (Fig. 7) . On the other hand, there is apparently no equivalent of Siglec-11 itself in mouse genome. Thus, Siglec-P16 is very likely to be ancestral to Siglec-11. Siglec-P16 was also apparently actively transcribed in the past, judging from the presence of a processed pseudogene (Siglec-P14) elsewhere in the human genome that appears to have arisen from it.
Second, the sequence identity between Siglec-P16 and Siglec-11 ceases abruptly between the fifth Ig-like domain and the transmembrane domain. The remaining transmembrane-cytosolic domains of Siglec-11 show higher similarity to those of Siglec-5. This suggests that Siglec-11 is a chimeric molecule that arose from relatively recent gene duplication and recombination events, whereby the extracellular domain duplicated from the functional ancestor of Siglec-P16 became recombined with the transmembrane-cytosolic domain-coding region of another ancestral Siglec (Fig. 8A) . Because the nucleotide sequence identity between the transmembrane-cytosolic domains of Siglec-11 and Siglec-5 is not very high (62%), this segment is not likely to have originated directly from Siglec-5 but rather from another ancestral Siglec. Nevertheless, Siglec-11 serves as a clear example indicating that Siglec genes are modular in origin, appearing to have undergone partial and/or full gene duplications and uneven genetic recombinations or deletions to reach their current organizational status.
Third, judging from the extensive sequence identity between Siglec-11 and Siglec-P16, this partial gene duplication probably happened relatively recently. Our preliminary analysis using PCR 3 suggests that the similar gene configuration (head-tohead repeat of Siglec-11 and the Siglec-11-like (pseudo)gene P16) is conserved in the genomes of all other great apes (chimpanzee, bonobo, gorilla, and orangutan). If this is confirmed by further work, this gene duplication must have happened more than 13 million years ago, when the orangutan lineage diverged from the African great ape lineage (which lead to the rest of the great apes, including humans) (51, 52) . On the other hand, the ϳ97% identity of the P16 pseudogene to the Siglec-11 extracellular domain is in the general range of genomic DNA sequence differences typically found between humans and orangutans (53) (54) (55) . Thus, the appearance of Siglec-11 might not have occurred much earlier than in the orangutan-human common ancestor. Also intriguing is the fact that the coding regions of Siglec-11 seemed to have diverged more rapidly (ϳ96% identity) than that of the noncoding regions (ϳ98% identity). This suggests that this gene has been under positive selection pressure during hominid evolution (56) . Determination of the precise timing of this event would of course require genomic DNA analysis of other primates and possibly that of other mammalian groups. It is also formally possible that the duplication of Siglec-11 and -P16 is more ancient but that these two copies were maintained so unusually similar to each other by concerted evolution, as has been suggested for ␣-globin genes (57) . This possibility must also be examined by careful genomic DNA sequence analysis of primate Siglec-11/Siglec-P16 loci.
From the topology of the Siglec phylogenetic tree (see Fig. 8 of Ref. 44) , it is likely that Siglec-10/Siglec-11 clade (including Siglec-P16) diverged earlier from the rest of CD33/Siglec-3-related group of Siglecs. In other words, it is likely that a Siglec-10/Siglec-11-like gene was ancestral to all other CD33/ Siglec-3-related Siglecs. In this regard, it is interesting to ask whether the Siglec-P16 is ancestral to Siglec-10 (and ultimately to all CD33/Siglec-3-related Siglecs in the gene cluster) or whether it is derived from a Siglec-10 ancestor. The Siglec-P16 pseudogene in human genome is very compact and appears to be devoid of repetitive elements in the coding region, which would limit the likelihood of DNA recombination between the coding regions for the extracellular domain (highly conserved among Siglec-10, -11, and -P16) and the transmembrane-intracellular domain (not conserved). Thus, it is tempting to suggest that Siglec-P16 is also ancestral to Siglec-10. If the scenario presented above (Fig. 8A) is correct, the phylogenetic tree of the extracellular domain-coding sequences of human Siglec-10, -11, -P14, and -P16 and mouse Siglec-G (putative mouse ortholog of human Siglec-10) is expected to appear as shown in Fig. 8B . However, the phylogenetic tree constructed from the first three exons (or equivalent) of these genes and pseudogenes (Fig. 8B) is not consistent with this scenario. This incongruity is likely to be due to a gene conversion between Siglec-10 and Siglec-P16 ancestors, which has presumably taken place sometime after the generation of Siglec-P14 but before the generation of Siglec-11. To answer this question, we would have to wait until genomic DNA sequences of the CD33/Siglec-3-related gene cluster and Siglec-P16/Siglec-11 segment from other primates and other mammals become available.
Siglec-11 and Siglec-P16 stand as clear evidence that the CD33/Siglec-3-related Siglec genes are rapidly evolving and fit Ohno's model of evolution by gene duplication and the "birth and death of genes" (58, 59 ). However, unlike other rapidly evolving gene families like the olfactory receptors genes (60, 61) and the killer cell inhibitory receptor genes (62) , the CD33/ Siglec-3-related genes are not all confined to a single cell type. Thus, the evolution of these genes must have also involved the recruitment of novel regulatory sequences to each new gene after it emerged. Another fascinating question relates to what might have been the selection pressures favoring the rapid evolution of these Siglecs. This question is of course intimately tied to understanding the primary functions of the CD33/Siglec-3-related Siglecs in the various cell types that they are expressed in.
